Introduction
============

Spontaneous bacterial peritonitis (SBP) caused by ascites is a common cause of death in patients suffering from cirrhosis.[@B1], [@B2] The fundamental challenge in mitigating SBP is the early detection of these bacteria in ascites. The current standards for detecting bacteria are microbial culture or gene analysis, which need complex equipment and professional technicians to operate in specific environments. Recent studies show that colorimetric biosensors, fluorescence imaging or microelectronics can be useful for Gram-positive and Gram-negative bacteria detection.[@B3]-[@B12]

AuNPs are widely applicable as colorimetric biosensors, drug delivery carriers, antibacterial agents, and photothermal therapy material.[@B13]-[@B28] Our group has developed a series of small molecule-modified AuNPs that can kill multidrug-resistant bacteria.[@B29]-[@B31] We also report a number of colorimetric sensors based on AuNPs since their use can avoid the necessity of bulky instruments by obtaining signals with the naked eye.[@B3], [@B32]-[@B36] A number of investigators have reported bacterial biosensors based on AuNPs. Scientists have developed cetyltrimethylammonium bromide (CTAB)-coated AuNPs to detect bacteria.[@B37] CTAB is positively charged such that it can target the negatively charged bacterial surface. Researchers also use antibodies or aptamers to decorate AuNPs for bacterial targeting.[@B38] Unfortunately, these strategies are based on charge interactions and easily interfered by surroundings such as pH values, metal ion or proteins. A stable, easily available and navigable platform for the detection of pathogens is urgently needed.

We hypothesize that D-amino acids can play a role in AuNPs-based detection of microorganisms because they mainly exist in bacteria. In these microorganisms, D-amino acids are part of peptidoglycan, the principal component of the bacterial cell wall, which surrounds bacteria.[@B39], [@B40] Given the critical role of peptidoglycan during the synthesis of cell wall and bacterial reproduction, researchers have developed a number of antibiotics that can obstruct peptidoglycan synthesis to inhibit bacterial growth.[@B41] Recently, researchers have found that a number of bacteria can easily incorporate exogenous D-amino acids from the surrounding medium into their peptidoglycan via displacing the terminal D-alanine of the oligopeptide strand, due to the enzymatic promiscuity of bacterial D,D-transpeptidases.[@B42], [@B43] They used D-amino acids linked with fluorescent molecules to specifically label the peptidoglycan network.[@B44]-[@B46] However, these imaging methods are inconvenient and they mostly rely on complex instruments to label and detect bacteria. We thus wonder if we can modify the surface of AuNPs with D-amino acids to diagnose bacterial infection.

Here, we illustrate a novel strategy for bacterial detection by combining D-amino acids (D-alanyl-D-alanine, DADA) with AuNPs. AuNPs serve as the signal output that we can monitor without relying on any complex instruments. We utilize DADA as molecules to selectively target bacteria because bacteria can incorporate DADA in its cell wall while mammalian cells or fungi cannot.[@B47] When bacteria consume DADA capped on AuNPs, DADA unbinds from the AuNP surface, and the AuNPs become unstable and aggregate because DADA no longer protects the surface of the AuNPs. We prepared DADA-modified AuNPs (Au_DADA) in a one-pot reaction without any other complex modifications (Scheme [1](#SC1){ref-type="fig"}). We employed the L-amino acid, L-Alanyl-L-alanine (LALA), as comparison to confirm the hypothesized mechanism of interaction between bacteria and Au_DADA. We chose laboratory antibiotic-sensitive bacteria and clinical multidrug-resistant (MDR) bacteria to evaluate the detection activity of our AuNPs. Interestingly, Au_DADA could distinguish between *S. aureus* and MRSA. To investigate the potential of Au_DADA in clinical application, we used it to diagnose bacterial infection in liver ascites from patients. Our study paves a new way to colorimetric biosensing of pathogens.

Materials and Methods
=====================

Materials
---------

Gold (III) chloride hydrate (HAuCl~4~^.^3H~2~O), D-Alanyl-D-alanine (DADA), and sodium borohydride are from Aladdin Industrial Corporation (China). L-Alanyl-L-alanine (LALA) is from Sigma. We used the procured chemicals without further purification. We used a Milli-Q purification system to obtain Deionized (DI) water (18.2 MΩ·cm). We obtained zeta potential values of AuNPs with Zetasizer Nano ZS (Malvern Instruments). We obtained the ascites samples from Beijing You\'an Hospital with patients\' consent and approval by the local Ethics Committee.

Preparation of AuNPs
--------------------

We stirred the mixture of D-amino acids (DADA or LALA) (16 mg, 0.1 mmol, dissolved in 6 mL of DI water, 50 μL of absolute acetic acid and 20 mg of Tween 80) and HAuCl~4~^.^3H~2~O (0.1 mmol, dissolved in 0.5 mL DI water) for 10 min and add NaBH~4~ (0.3 mmol freshly dissolved in 2.5 mL DI water) dropwise with vigorous stirring. The color of the mixture changed to dark red immediately. We kept stirring the mixture for 1 h at 0 °C. We dialyzed (14 kDa MW cutoff, Millipore) it for 48 h with DI water, sterilized it through a 0.22 μm filter (Millipore), and stored it at 4 °C for use. We synthesized different ratios of Au_DADA using the same method.

Characterization of AuNPs
-------------------------

We investigated the morphologies of AuNPs via transmission electron microscopy (TEM) (Tecnai G2 20 ST TEM) from the American FEI company. A microplate reader (Tecan infinite M200) gave us ultraviolet-visible (UV-vis) spectra. We prepared TEM samples by dropping 5 μL of the samples on formvar/carbon coated copper grids and dried them overnight. We measured zeta potential using Malvern Zetasizer.

Bacteria culture
----------------

We cultured bacteria in Luria-Bertani (LB) broth medium (5 g/L NaCl, 10 g/L tryptone powder, and 5 g/L beef extract powder, pH=7.2) at 37 °C on a shaker bed at 200 rpm for 4 h. Then, we diluted bacteria with LB broth to a concentration of 1.0 × 10^8^ CFU/mL, which corresponded to an optical density of 0.1 at 600 nm measured by UV-vis spectroscopy.

Identification of bacteria
--------------------------

We pre-cultured *Staphylococcus aureus* (*S. aureus,* ATCC 6538P), MRSA, *E. coli* (ATCC 11775), MDR *E. coli*, *Klebsiella pneumoniae* (*K. pneumonia,* ATCC 13883), MDR *K. pneumoniae*, *Bacillus subtilis* (*B. subtilis,* ATCC 66633), and *Listeria monocytogenes* (*L. monocytogenes,* ATCC 19115) in LB broth to a concentration of 1.0 × 10^8^ CFU/mL. We diluted them to a concentration of 1.0 × 10^6^ CFU/mL. We performed the assay for identification of bacterial strains in 96-well microplates (Constar, 3599). We added 90 µL AuNPs diluted with LB medium to the plate. Then we added 10 µL bacteria prepared in the AuNPs medium (final concentration: 1.0 × 10^5^ CFU/mL). We used AuNPs as a control group. Each group has 3 replicates. In order to keep bacteria in good form, we incubated them at 37 °C in an incubator.

The cytotoxicity of Au_DADA
---------------------------

We employed Cell Counting Kit-8 (CCK-8) to measure the cytotoxicity of Au_DADA. We used Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco) containing fetal bovine serum (FBS, 10%; Gibco), penicillin and streptomycin (1%), and glutamine (1%) to culture human umbilical vein endothelial cells (HUVECs) and human cervical cancer (HeLa) cells and incubated in CO~2~ (5%) at 37 °C. HUVEC cells were grown overnight on 96-well culture plates (\~10, 000 cells per well) and then we added varying concentrations of Au_DADA to the 96-well plate. After 24 h incubation, we used culture medium to wash cells and stained them with 10 μL of CCK per well. We measured the optical density of the cells at 450 nm by a microplate reader (Tecan infinite M200) after incubating for 2 h.

Stability of Au_DADA
--------------------

We utilized various pH values ranging from pH=1 to pH=14 to study the stability of Au_DADA. We used 3 M HCl and 2 M NaOH to obtain the pH solutions. We incubated Au_DADA in these solutions for 4 h.

Results and Discussion
======================

Synthesis and characterization of Au_DADA
-----------------------------------------

We prepared Au_DADA through a one pot process via reduction of tetrachloroauric acid by sodium borohydride in the presence of DADA molecules in deionized (DI) water. The role of DADA in this reaction is to stabilize and disperse the NPs. Our synthetic strategy is straightforward and convenient without other chemical modifications. Diameters of spherical Au_DADA are around 6 nm as indicated by TEM images and statistical analysis (Figure [1](#F1){ref-type="fig"}A). UV-vis spectra reveal the plasmon resonance of NPs at \~520 nm (Figure [1](#F1){ref-type="fig"}B). We tested zeta potential values of the NPs in water at 25 °C. The results show that Au_DADA are negatively charged (-21.9 mV), which is the same as the charges of bacterial surfaces (Table [S1](#SM0){ref-type="supplementary-material"}). We used Fourier Transform Infrared Spectroscopy (FT-IR) to further characterize the AuNPs (Figure [1](#F1){ref-type="fig"}C). The asymmetric stretching mode of N-H has a band with a maximum at 3334 cm^-1^ both in pure DADA and DADA-capped AuNPs, which confirms the presence of DADA on AuNPs. The bending mode of N-H at 1720 cm^-1^ and 1677 cm^-1^ can further verify the results.

Colorimetric detection of bacteria via Au_DADA
----------------------------------------------

In order to obtain AuNPs for sensitive bacterial detection, we investigated the effect of Au_DADA concentration on the colorimetric response. We incubated *S. aureus* with various concentrations of Au_DADA (0.5, 2.5, 5, 10, 15, 20, and 25 μM). We found that the groups of 0.5, 2.5, and 5 μM are more sensitive than other groups (Figure [S1](#SM0){ref-type="supplementary-material"}). Because the color change at 5 μM is the most significant and can be read out easily, we chose it for subsequent experiments.

We tested the colorimetric response of Au_DADA by incubating with various types of bacteria, including laboratory antibiotic-sensitive strains (*S. aureus*, *E. coli*, *K. pneumoniae*, *B. subtilis*, *L. monocytogenes*) and clinical MDR isolates (MRSA*,* MDR *E. coli*, MDR *K. pneumoniae*). These Gram-positive (*S. aureus, B. subtilis, L. monocytogenes,* MRSA) and Gram-negative (*E. coli, K. pneumonia,* MDR *E. coli*, MDR *K. pneumoniae*) bacteria are common in clinical ascites samples. We added Au_DADA to microplate wells and mixed with LB broth (as control) and different types of bacteria with the same concentration. The color of the media from cells that contain bacteria changed to blue or purple, whereas the color of the control group remained red (Figure [2](#F2){ref-type="fig"}B). We can visually distinguish samples that have bacteria from those that do not. We found that the well containing MRSA turned purple instead of blue like the other species. This difference may be caused by the different activity of penicillin binding proteins (PBPs), which influences transpeptidation and synthesis of peptidoglycan.[@B48] This observation can potentially distinguish between *S. aureus* and MRSA.

To quantify the colorimetric response of AuNPs, we tested the absorption spectra of each AuNPs solution in the presence of bacteria (Figure [2](#F2){ref-type="fig"}A). All samples show a red-shift in their absorption spectra after addition of bacteria. The observations from the spectra are consistent with the visual observations, where the AuNPs in all wells underwent a color change from red to blue. The absorbance at 520 nm decreased and the absorbance at 600 nm increased. We used the ratio between the absorbance values of AuNPs at 600 nm and 520 nm (A ~600\ nm~/A ~520\ nm~) to evaluate the degree of AuNPs aggregation (Figure [2](#F2){ref-type="fig"}B). A low A ~600\ nm~/A ~520\ nm~ indicates that AuNPs disperse well in the solution, and a high A ~600\ nm~/A ~520\ nm~ indicates aggregation of AuNPs. All samples with bacteria are different from the control solution without bacteria. The only outstanding sample is MRSA, whose A ~600\ nm~/A ~520\ nm~ is lower than the A ~600\ nm~/A ~520\ nm~ of *S. aureus* and other bacterial solutions. This observation correlates well with the purple color of MRSA. Despite this difference, A ~600\ nm~/A ~520\ nm~ of MRSA is still significantly higher than A ~600\ nm~/A ~520\ nm~ of pure AuNPs. These facts confirm that Au_DADA can indeed detect both Gram-positive and Gram-negative bacteria.

We employed *S. aureus* as an example to study the sensitivity of our system. We exposed Au_DADA to the *S. aureus* solutions with different concentrations (1×10^2^-1×10^8^ CFU/mL). When the concentration of bacteria is high, the value of A ~600\ nm~/A ~520\ nm~ is high, indicating the high sensitivity of Au_DADA to high concentrations of bacteria (Figure [3](#F3){ref-type="fig"}). The limit of detection (LOD) was evaluated using the formula: LOD = 3S/M, where S represents the value of the standard deviation of blank samples and M is the slope of the standard curve within the concentration range. According to the formula, the LOD of Au_DADA is 3.2×10^2^ CFU/mL. The limit of quantitation (LOQ, LOQ = 10S/M) is 1.1×10^3^ CFU/mL. These results show that Au_DADA has relatively high sensitivity.

TEM characterization of interactions between bacteria and Au_DADA
-----------------------------------------------------------------

We employed TEM to characterize Au_DADA aggregation on bacteria. We used *S. aureus* as an example to perform this assay (Figure [4](#F4){ref-type="fig"} and S2). Au_DADA aggregated around bacterial surfaces. In comparison, the TEM of the control groups show that there were no AuNPs around bacteria and Au_DADA itself did not aggregate without bacteria (Figure [4](#F4){ref-type="fig"}B and [4](#F4){ref-type="fig"}C).

The mechanism of aggregation
----------------------------

It is evident from other studies that bacteria can incorporate exogenous D-amino acids into their peptidoglycan. Thus, we speculate that the D-amino acid is critical for the aggregation of AuNPs in our study. We prepared L-amino acid modified-AuNPs (Au_LALA) to confirm this hypothesis. The synthetic method for Au_LALA is the same as for Au_DADA preparation. TEM and UV-vis spectra of Au_LALA demonstrate that they are similar to Au_DADA (Figure [S3](#SM0){ref-type="supplementary-material"}). We used *S. aureus* and *E. coli* to test the ability of bacterial detection about Au_LALA (Figure [S4](#SM0){ref-type="supplementary-material"}A and S4B). Au_LALA had no response to *S. aureus* and *E. coli* even when we cultured them for 16 h. This observation agrees with literature reports showing that bacteria can only incorporate exogenous D-amino acids.

To further investigate the relationship between bacterial peptidoglycan and D-amino acids, we selected *C. albicans*, a kind of fungi, whose cell wall biosynthesis does not involve peptidoglycan and thus cannot incorporate D-amino acid (Figure [S4](#SM0){ref-type="supplementary-material"}C and S4D).[@B49], [@B50] We cultured *C. albicans* with Au_DADA in potato dextrose agar (PDA) broth in 96-well plates at 25 °C. We recorded the optical density of these mixtures at different time periods via a microplate reader (Tecan infinite M200). The color of Au_DADA did not change when incubating with *C. albicans* for even 36 h. This observation further demonstrates that the aggregation of Au_DADA is due to incorporation of D-amino acid.

The zeta potential of Au_DADA is -21.9 mV. However, bacterial surfaces are also negative charged. Therefore, it is reasonable to deduce that there is negligible electrostatic interaction between positively charged Au_DADA and negatively charged bacterial surface.

We employed FT-IR to further characterize the aggregated Au_DADA after incubating with bacteria (Figure [S5](#SM0){ref-type="supplementary-material"}). The characteristic peaks of the asymmetric stretching mode of N-H (3334 cm^-1^) and the bending mode of N-H at 1720 cm^-1^ and 1677 cm^-1^ disappeared compared with DADA and the original Au_DADA, which confirms the reduction of surface density of DADA on AuNPs.

These observations lead us to deem that D-amino acid-modified AuNPs became unstable and aggregated after bacteria consumed the D-amino acid capped on AuNPs.

Cytotoxicity of Au_DADA
-----------------------

As biological sensors, the low cytotoxicity of materials is important. Thus, we set out to evaluate the toxicity of Au_DADA. We incubated HUVECs and HeLa cells in the presence of different concentrations of Au_DADA for 24 h and analyzed them by CCK-8. We observed no obvious loss of viability of both HUVECs and HeLa cells, which highlights the outstanding biocompatibility of Au_DADA (Figure [S6](#SM0){ref-type="supplementary-material"}).

Stability of Au_DADA
--------------------

We tested the stability of Au_DADA at different pH values (pH=1-14) (Figure [S7](#SM0){ref-type="supplementary-material"}). We put Au_DADA in aqueous solutions of different pH for 4 h. The colors of Au_DADA in aqueous solutions of different pH are essentially the same (Figure [S7](#SM0){ref-type="supplementary-material"}A). The UV-vis spectra of Au_DADA at various pH levels are also essentially the same (Figure [S7](#SM0){ref-type="supplementary-material"}B).

To further test the selectivity of our assay, we added FeCl~3~, CaCl~2~, CuCl~2~, BaCl~2~, Hg(ClO~4~)~2~, AgNO~3~, NaCl, KCl into Au_DADA solution at a final concentration of 500 μM and stored at 37 °C for 8 h. Au_DADA did not aggregate according to the UV-vis spectra of Au_DADA. This result demonstrates the high selectivity of Au_DADA (Figure [S8](#SM0){ref-type="supplementary-material"}).

We evaluated the stability of Au_DADA stored for almost 15 months at 4 °C and for 2 months at 37 °C and found them to be well dispersed (Figure [S9](#SM0){ref-type="supplementary-material"}). These results demonstrate that Au_DADA has outstanding stability even in highly acidic or alkaline environments.

Applicability of the detection system in a real clinical setting
----------------------------------------------------------------

To evaluate the applicability of this detection system, we applied the method to detect bacteria within ascites samples from patients (Figure [5](#F5){ref-type="fig"}). We incubated Au_DADA with the clinical samples of ascites that have pathogens such as *S. aureus*, *staphylococcus epidermidis* (*S. epidermidis*), *Stenotrophomonas maltophilia* (*S. maltophilia*), or *Pseudomonas aeruginosa* (*P. aeruginosa*). Because these bacteria are clinically important, we explored the generality of our approach by expanding beyond the types of bacteria we used in the model experiments. The color of Au_DADA changed after incubating with different kinds of pathogens compared with the control group (Au_DADA media). When pathogens existed in the samples, the color of Au_DADA changed from red to blue. The absorption spectra of the samples have obvious changes. The absorbance band at 520 nm decreased, along with peak broadening and distinctive red-shift, and a broad absorption at 600 nm emerged (Figure [5](#F5){ref-type="fig"}A). We employed the ratio between the absorbance values of AuNPs at 600 nm and 520 nm (A ~600\ nm~/A ~520\ nm~) to test the degree of AuNP aggregation. The ratio of A ~600\ nm~/A ~520\ nm~ is also a function of the presence of bacteria in clinical samples (Figure [5](#F5){ref-type="fig"}B). We also tested if the matrix of ascites affects the detecting system. The ascitic fluid had no effect to our assay, which shows the highly stability of Au_DADA (Figure [S8](#SM0){ref-type="supplementary-material"}). These results further validate the potential applications in bacterial monitoring.

Conclusions
===========

We report a versatile and stable platform based on D-amino acid-coated AuNPs for colorimetric detection of bacteria that can also distinguish between *S. aureus* and MRSA. This is the first report that combines D-amino acid with AuNPs to detect bacteria. Although the sensitivity of this system is not as high as reported methods and it is a broad-spectrum sensor for bacteria, its stability is superior. We believe that Au_DADA is a promising biosensor for simple detection of bacterial contaminants for clinical diagnostics. We also open the way to bacterial theranostics using D-amino acid and nanomaterials.
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![Schematic illustration of the synthesis of D-amino acid-modified AuNPs and the structural change of peptidoglycan after incubation with D-amino acid-modified AuNPs.](thnov08p1449g001){#SC1}

![Characterization of Au_DADA. (A) TEM image of nanoparticles. Inserted structure is DADA. (B) Absorption spectrum of Au_DADA. Inserted photo is Au_DADA in water. (C) FT-IR of Au_DADA and DADA.](thnov08p1449g002){#F1}

![Response of Au_DADA to different types of bacteria. (A) Absorption spectra of Au_DADA incubated with bacteria. (B) Change in color of Au_DADA caused by varying types of bacteria and the plot of A ~600\ nm~/A ~520\ nm~ of AuNPs versus different types of bacteria. Mean values and standard deviations were obtained from five independent experiments.](thnov08p1449g003){#F2}

![The sensitivity of Au_DADA for detection of *S. aureus*. (A) A ~600\ nm~/A ~520\ nm~ value of Au_DADA. (B) The linear relationship between the A ~600\ nm~/A ~520\ nm~ value and the concentration of*S. aureus*. Mean values and standard deviations were obtained from five independent experiments.](thnov08p1449g004){#F3}

![TEM images of S. aureus and Au_DADA. **(A)** S. aureus incubated with Au_DADA. **(B)** S. aureus by itself. **(C)** Morphology of Au_DADA. The inserted image is the full view of the bacterium.](thnov08p1449g005){#F4}

![Bacterial detection of ascites samples. (A) Absorption spectra and photos of Au_DADA incubated with bacteria. (B) The plot of A ~600\ nm~/A ~520\ nm~ of AuNPs versus different types of bacteria in ascites samples. Mean values and standard deviations were obtained from five independent experiments.](thnov08p1449g006){#F5}
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